In Brief
Fruit fly memory involves plasticity of mushroom body synapses. Barnstedt et al. identified acetylcholine as the mushroom body neurotransmitter. Mushroom body output neuron activation requires nicotinic acetylcholine receptors. Impaired receptor function reduces physiological responses and alters odor-driven behavior.
INTRODUCTION
Understanding how memories are formed, stored, and retrieved from neural networks is an important pursuit of neuroscience. The insect mushroom bodies (MBs) are prominent bilateral brain structures that have been extensively studied for their universal role in learned behavior (Strausfeld et al., 1998; Heisenberg, 2003; Farris, 2013; Perisse et al., 2013a; Menzel, 2014) . In the larger eusocial insects, such as honeybees, the MBs are comprised of a few 100,000 intrinsic neurons or Kenyon cells (KCs), whereas the smaller fruit fly MBs have only around 2,000 neurons per hemisphere. The anatomy of the MB has been compared to the fan-out, fan-in neural architecture of the mammalian cerebellum and hippocampus (Farris, 2011; Stevens, 2015; Menzel, 2014; and to the cephalopod vertical lobes (Shomrat et al., 2011) . Analogies have also been drawn to the vertebrate amygdala, basal ganglia, and pallium (Hige et al., 2015; Waddell 2013; Tomer et al., 2010) . It is therefore of interest to understand the logic of how the MB operates and to what level functional principles relate to those of similar neural structures across phyla. Importantly, recent studies suggest that in the Drosophila MB cellular mechanisms of neural plasticity can be directly linked to behavioral change .
In all insects the axons from different subpopulations of KCs are arranged into separate parallel bundles, or lobes (Strausfeld et al., 2009) . Some of the anatomical subdivision serves individual sensory modalities such as olfaction, gustation, and vision (Strausfeld et al., 1998; Murthy et al., 2008; Honegger et al., 2011; Campbell et al., 2013; Caron et al., 2013; Vogt et al., 2014; Aso et al., 2014a) , while certain KCs may be multimodal (Strausfeld et al., 2009; Kirkhart and Scott, 2015) . The primary sensory input to Drosophila KCs occurs in the MB calyx where their dendrites receive divergent fan-out input from around 50 classes of cholinergic olfactory projection neurons (Yasuyama et al., 2002; Caron et al., 2013) . Odor-specific activity in the projection neuron population is transformed into activation of fairly sparse subpopulations of KCs across the ab, a 0 b 0 and g divisions in the overall MB ensemble (Honegger et al., 2011; Campbell et al., 2013; Lin et al., 2014a) . Reinforcing dopaminergic neurons that innervate nonoverlapping zones of the MB lobes are believed to assign positive or negative values to odor-activated KCs during learning (Mao and Davis, 2009; Claridge-Chang et al., 2009; Aso et al., 2012; Liu et al., 2012; Burke et al., 2012; Waddell, 2013) . Comprehensive anatomical studies have characterized all of the dopaminergic input and the output pathways of the MB (Tanaka et al., 2008; Aso et al., 2014a) . Remarkably, information from the 2,000 KCs converges, or fans-in, onto the dendrites of 21 different types of mushroom body output neurons (MBONs). The MBONs tile the MB lobes into 15 discrete compartments, and each one has a corresponding set of afferent dopaminergic neurons (DANs). This anatomy alone suggests that learning-related plasticity alters odor drive to downstream MBONs whose dendrites occupy the same zones as the reinforcing dopaminergic neurons (Aso et al., 2014b; . Indeed, several studies have shown that reinforcer quality is represented in discrete dopaminergic zones on the MB lobes Das et al., 2014; Galili et al., 2014; Lin et al., 2014b; Huetteroth et al., 2015; Yamagata et al., 2015) and have documented altered odor drive to specific MBONs after learning (Sé journé et al., 2011; Plaç ais et al., 2013; Pai et al., 2013; Bouzaiane et al., 2015) . Interestingly, reward learning appears to reduce drive to output pathways that direct avoidance behavior, whereas aversive learning increases drive to avoidance pathways while reducing drive to approach pathways . Learning requires dopamine receptors and cAMP signaling in the KCs (Kim et al., 2007; Qin et al., 2012; Zars et al., 2000; McGuire et al., 2003; Blum et al., 2009; Trannoy et al., 2011) , which implies a presynaptic mechanism of plasticity at KC-MBON junctions. In fact, a recent study (Hige et al., 2015) demonstrated that pairing odor presentation with activation of aversive dopaminergic neurons drives odor-specific synaptic depression at KC-MBON junctions. Despite considerable progress in understanding how memory is coded in the MB network, the fast-acting neurotransmitter of the underlying KC-MBON synapses that are modified by learning is not known.
Classic examples of plasticity in Aplysia and mammals involve presynaptic and/or postsynaptic effects at glutamatergic synapses (Roberts and Glanzman, 2003; Kandel et al., 2014) . Although a small number of Drosophila KCs can be labeled with antibodies to glutamate, aspartate, or taurine (Schä fer et al., 1988; Schü rmann, 2000; Sinakevitch et al., 2001; Strausfeld et al., 2003) , immunostaining cannot differentiate between these molecules being transmitters or simply metabolites. Moreover, expression of the vesicular glutamate transporter is prominent in the fly brain but notably absent from the MB (Daniels et al., 2008) . Immunohistochemical studies also suggested that, unlike much of the fly brain, KCs do not express the acetylcholine (ACh) synthesizing enzyme choline acetyltransferase (ChAT) (Gorczyca and Hall, 1987; Buchner et al., 1986; Yasuyama et al., 1995b ).
Here we demonstrate using neurochemical, physiological, and behavioral approaches that ACh is a neurotransmitter of the Drosophila KCs. A significant part of KC-MBON communication is carried by cholinergic transmission from KCs that activates nicotinic ACh receptors on MBONs. Our data therefore suggest that fly memories are formed by dopamine-directed plasticity at cholinergic KC-MBON synapses.
RESULTS

Drosophila Kenyon Cell Function Requires ChAT Expression
Cholinergic neurons express ChAT to synthesize ACh and the vesicular ACh transporter (VAChT) that loads ACh into synaptic vesicles. Although prior studies concluded that KCs do not express ChAT (Gorczyca and Hall, 1987; Buchner et al., 1986; Yasuyama et al., 1995b) , data from a microarray-based characterization of MB-expressed genes (Perrat et al., 2013) Figure S1 and Movie S1 available online). We controlled for antibody specificity by staining brains expressing an UAS-ChAT RNAi or UAS-
VAChT
RNAi transgene driven in KCs by OK107-GAL4. Levels of
ChAT staining appeared lower in the MB than in surrounding areas, consistent with prior studies (Gorczyca and Hall, 1987; Yasuyama et al., 1995b) . However, ChAT immunoreactivity in the MB was above that in other areas of the brain, and MB labeling was significantly reduced in flies expressing UAS-ChAT RNAi in KCs ( Figures 1A and 1B) . In comparison, VAChT immunoreactivity in the MB was at a similar level to other brain regions, and was significantly reduced when UAS-VAChT RNAi was expressed in KCs ( Figures 1A and 1B) . Interestingly, levels of ChAT immunoreactivity were also reduced in the MB in UAS-VAChT RNAi ; OK107-GAL4 flies, suggesting an interaction between VAChT function and ChAT levels ( Figures 1A and 1B) . We therefore conclude that KCs express ChAT and VAChT, and that KCs, and not extrinsic neurons, are likely to provide the only cholinergic processes in the MB lobe region.
To test the functional relevance of ChAT and VAChT expression in KCs, we assessed the consequence of ChAT RNAi and VAChT RNAi disruption in aversive olfactory learning (Tully and Quinn, 1985) . Three-minute aversive memory performance of ChAT RNAi ;OK107 and VAChT RNAi ;OK107 flies was statistically different from OK107-GAL4 and the relevant UAS-RNAi flies ( Figure 1C ). VAChT RNAi ;OK107 flies also exhibited defective appetitive memory ( Figure S2A ). We expect the partial defect results from residual ChAT and VAChT activity. An early study with conditional ChAT ts mutants concluded that normal fly behavior required only 8% of wild-type ChAT activity (Greenspan, 1980) . We also tested for a role of GABAergic and glutamatergic transmission from KCs. Flies expressing RNAi against glutamic acid decarboxylase (GAD), the vesicular GABA transporter (vGAT), or the vesicular glutamate transporter (vGlut), driven by OK107-GAL4, had aversive memory performance that was statistically indistinguishable from controls ( Figure S2B ). We therefore conclude that KC function requires ACh.
ACh Evokes Responses in M4/6 MBONs
Postsynaptic MBONs should respond to ACh if it is a KC neurotransmitter. We therefore used the R21D02-GAL4 driver to express the genetically encoded calcium indicator UAS-GCaMP (Akerboom et al., 2012; Chen et al., 2013) and monitored physiological responses to candidate transmitter application ( Figure 2A ). Brains were removed from R21D02-GAL4;UAS-GCaMP flies and placed on a polylysine-coated glass slide bathed with saline under a wide-field fluorescence microscope. 1 mM of glutamate, aspartate, taurine, sNPF, ACh, or GABA was then locally applied to the dendrites of M4/6 neurons via a glass micropipette using fast pressure ejection ( Figures 2B-2D ). Only ACh evoked a reproducibly robust increase in intracellular Ca 2+ in M4/6 dendrites, and a dose response analysis revealed that 10 mM ACh application was sufficient to generate maximal signal ( Figure 2E ). Since the KCs are principally driven by cholinergic olfactory projection neurons, we performed experiments to rule out the possibility that the M4/6 responses resulted from indirect activation of KCs. We first included 1 mM tetradotoxin (TTX) in the recording chamber to block voltage-gated sodium channels and thereby inhibit indirect activation through other neurons, and monitored the approximate diffusion of the ejected solution by including Texas red in the micropipette ( Figure S3A ). Visualizing Texas red fluorescence confirmed that activation was local, with the observed activity following the diffusing ACh. We next placed the micropipette tip in different locations with respect to the M4/6 dendrites to test whether more distant application of 100 mM ACh could evoke responses in M4/6 neurons. Maximal responses were only observed when ACh was released local to M4/6 dendrites ( Figures S3B-S3D ). We also challenged a potentially polysynaptic response by adding high extracellular Mg 2+ to reduce the efficacy of synaptic transmission. Application of ACh to M4/6 dendrites of brains immersed in saline with high Mg 2+ (+10 mM) generated responses that were not different to those evoked in low Mg 2+ ( Figure S3E ). Importantly, high Mg 2+ saline impaired the polysynaptic input to M4/6 neurons generated by stimulating KCs with ACh application in the MB calyx ( Figure S3E ). Finally, local ACh application to the MB lobes did not elicit Ca 2+ transients in KCs ( Figure S3F ).
The relatively fast ACh-evoked response suggested that it involved nicotinic ACh receptors (nAChRs). We first tested this model by replacing ACh in the micropipette with 1, 10, or 100 mM of nicotine and applying it to the dendrites of M4/6 neurons (Figures 2F and 2G) . Both 10 and 100 mM nicotine evoked robust responses in the M4/6 MBONs that were greater than those evoked by 100 mM ACh. In contrast, muscarine that should activate metabotropic AChRs did not elicit calcium transients at any concentration tested ( Figures 2F and 2G ). The nonselective nicotinic receptor antagonists mecamylamine (Figures S5A-S5D), hexamethonium (Figures S5G and S5H) , and methyllycaconitine (MLA; Figures S5I and S5J) abolished ACh-evoked responses when added to the recording chamber, whereas vehicle had no effect (Figures S5E and S5F) . Taken together, these experiments suggest that ACh directly activates M4/6 neurons via nAChRs.
Other MBONs Respond to ACh
We next tested whether other MBONs that are postsynaptic in the horizontal or vertical MB lobes responded to ACh. We restricted expression of GCaMP to a collection of these MBONs using specific GAL4 drivers (Aso et al., 2014b ) and locally applied 1 mM ACh to their dendrites in the explant brain preparation , starting with lines that label single M4/6 neurons. All of the MBONs tested responded to ACh application. This set of MBONs innervates all five of the major MB lobes (a, a 0 , b, b 0 , and g) and represents all three of the characterized glutamatergic, cholinergic, and GABAergic classes of MBONs (Aso et al., 2014b) . Although MBONs appeared to respond with distinct kinetics, we cannot currently exclude that differences result from placement of the micropipette. Nevertheless, multiple MBONs respond to ACh, consistent with ACh being released from all KC collaterals.
Optogenetic KC Activation Drives MBONs via nAChRs
To directly demonstrate that KCs are the source of ACh, we optogenetically activated them while recording calcium transients in M4/6 neuron presynaptic boutons using two-photon microscopy. We expressed lexAop-CsChrimson (Klapoetke et al., 2014) in KCs with 247-LexA::VP16 (Pitman et al., 2011) control and evoked activity using a focused red light emitting diode . Recording with two-photon illumination should minimize nonspecific activation of the Channelrhodopsin in these experiments. As expected , KC activation evoked intracellular Ca 2+ transients in M4/6 neurons that were tightly temporally linked to the illumination protocol . Importantly, these optogenetically evoked M4/6 responses were also blocked by adding 250 mM mecamylamine ( Figures 
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the mecamylamine effect was reversed following washout . Consistent with prior studies (Mauss et al., 2014) , 100 mM mecamylamine did not abolish responses in this preparation but caused a strong and reversible reduction (Figures S5K and S5L) . We also tested whether reducing VAChT expression in KCs attenuated M4/6 MBON responses. We coexpressed UASVAChT RNAi and UAS-CsChrimson in KCs with R13F02-GAL4 and lexAop-GCaMP6f in M4 neurons with R15B01-LexA. Strikingly, peak KC-evoked responses were reduced by greater than 50% in flies expressing UAS-VAChT RNAi in KCs ( Figures  4G-4J ). Therefore pharmacological and genetic approaches provide evidence that the KCs release ACh that in turn activates M4/6 MBONs via nAChRs.
Manipulating nAChR Expression in M4/6 MBONs Phenocopies Neural Blockade
We next tested whether downregulating specific nAChR subunits altered odor-evoked responses in M4/6 neurons. We used R21D02-GAL4 to coexpress UAS-GCaMP6f and UASRNAi constructs directed toward the Da1, Da3, Da4, Da5, or Da6 nAChR subunits. Living flies were mounted under the twophoton microscope, and MCH and OCT odor responses were recorded from M4/6 presynaptic boutons. Expression of Da1, Da4, Da5, and Da6 subunit RNAi caused a statistically significant reduction in the peak responses to MCH, as compared to controls ( Figures 5A and 5B ). Da4 and Da6 RNAi also significantly reduced the responses to OCT. In comparison, Da3 RNAi peak responses were indistinguishable from those of controls for both odors ( Figure 5B ).
We reasoned that reducing expression of the relevant nicotinic acetylcholine receptor subunits in M4/6 MBONs might also alter odor-driven behavior ( Figure 5C ). Previous work showed that blocking M4/6 neuron output with VT1211-GAL4-driven UASShibire ts1 converted naive odor avoidance into odor approach . We therefore used this assay to assess the role of Da1, Da3, Da4, Da5, and Da6 subunits in M4/6 MBONs. Flies were given the choice between a T-maze arm perfused with a 1:1,000 dilution of MCH and an arm with a clean air stream. Whereas control VT1211-GAL4/+ or UAS-RNAi/+ flies displayed MCH avoidance or neutrality, flies expressing UAS-Da1, Da4, Da5, or Da6 RNAi in M4/6 MBONs exhibited a significant reversal of odor driven behavior. Flies expressing Da3 RNAi were not statistically different from relevant controls. These behavioral phenotypes mirror the defective MCH-evoked physiological responses and resemble the reversal of naive odor behavior observed when M4/6 neurons were blocked . We therefore conclude that M4/6 neurons are principally driven by KCs via ACh neurotransmission onto nAChRs.
sNPF Potentiates ACh-Evoked Responses in MBONs
The ab and g KCs express the sNPF neuropeptide (Johard et al., 2008) , and reducing sNPF expression in KCs impairs appetitive memory (Knapek et al., 2013 Figure S5 for washout experiments and others using 100 mM mecamylamine or additional nicotinic antagonists. fast-acting transmitter between KCs and MBONs raises the question of whether coreleased sNPF and ACh interact. We therefore coapplied ACh and sNPF with a micropipette to the M4/6 dendrites in the explant brain preparation, while monitoring calcium transients by wide-field imaging (Figure 6 ). Calcium transients evoked in M4/6 MBONs by dual ACh and sNPF application were significantly larger than those generated by ACh and vehicle, supporting a likely facilitating interaction between the slow-and fast-acting transmitters.
DISCUSSION
Despite decades of work on learning and memory and other functions of the MB, the identity of the fast-acting neurotransmitter that is released from the KCs has remained elusive. Much of the insect brain was considered to be cholinergic, but the MB was thought to be unique. Histological studies concluded that the MB did not express ChAT (Gorczyca and Hall, 1987; Buchner et al., 1986; Yasuyama et al., 1995b) but that subsets of KCs contained glutamate, aspartate, or taurine (Sinakevitch et al., 2001; Strausfeld et al., 2003) . However, conclusive evidence that these molecules are released as neurotransmitters has not materialized.
Here we present multiple lines of evidence that ACh is a KC transmitter. (1) KCs express the ChAT and VAChT proteins that synthesize and package ACh into synaptic vesicles, and the expression of these genes is required for MB-dependent learned behavior. receptors. (5) Odor-evoked responses in MBONs are attenuated by reducing the expression of several nicotinic ACh receptor subunits. Taken together, these data provide compelling support that ACh is a major neurotransmitter released from Drosophila KCs. The anatomy of ACh-responsive MBONs suggests that many ab, a 0 b 0 , and g lobe KCs are likely to be cholinergic. Calcium imaging may miss subtle or inhibitory effects, so it remains possible that subclasses of KC might also release or corelease other small molecule transmitters. It is, for example, notable that the MB neurons express an atypical putative vesicular transporter (Brooks et al., 2011) . Furthermore, taurine histology specifically labels the ab core neurons (Strausfeld et al., 2003) . Anatomy suggests that ab core and ab surface outputs are pooled by MBONs with dendrites in the a lobe tip and throughout the b lobe, but that the dendrites of MBONs in the a lobe stalk preferentially innervate ab surface neurons (Perisse et al., 2013b ). It will be important to understand how ACh signals from different KCs are integrated by MBONs. The ab and g, but not a 0 b 0 , KCs can corelease ACh with the sNPF neuropeptide (Johard et al., 2008) . Our data raise the possibility that coreleased sNPF may facilitate ACh-evoked responses. sNPF drives autocrine presynaptic facilitation of certain olfactory sensory neurons in the adult fly (Root et al., 2011) . Conversely, sNPF decreased the resting membrane potential of larval motor neurons that ectopically express sNPFR (Vecsey et al., 2014) . MBONs with dendrites in certain lobes therefore receive different combinations of transmitters and may vary in responding to sNPF.
Finding that ACh is the KC transmitter has important implications for learning-relevant plasticity at KC-MBON synapses. Current models suggest that valence-specific and anatomically restricted reinforcing dopaminergic neurons drive presynaptically expressed plasticity between KCs and particular MBONs (Waddell, 2013; Aso et al., 2014a; Aso et al., 2014b; . Reward learning skews KC-MBON outputs toward driving approach by depressing the odor drive to MBONs that direct avoidance, whereas aversive learning enhances drive to avoidance by reducing drive to approach MBONs and increasing drive to avoidance pathways . The results here indicate that learning is represented as dopaminergic tuning of excitatory cholinergic KC-MBON synapses.
Learning requires dopamine receptor function in the KCs (Kim et al., 2007; Qin et al., 2012) , which implies a presynaptic mechanism of plasticity at the KC-MBON junction. Presynaptic plasticity of odor-activated KCs provides a simple means to retain odor specificity of memory in the highly convergent anatomy of the MB-where 2,000 KCs converge onto single or very few MBONs per zone on the MB lobes. The anatomically analogous mammalian cerebellar circuits, to which the insect MBs have been compared (Farris, 2011) , exhibit presynaptic glutamatergic plasticity that is cAMP dependent (Salin et al., 1996) . Finding that the KC transmitter is ACh suggests that cAMP-dependent mechanisms can modulate synaptic connections, regardless of transmitter identity. The MB KCs appear to be strikingly similar to the large parallel ensemble of cholinergic amacrine cells in the vertical lobe of the cuttlefish (Shomrat et al., 2011) . These Cephalopod amacrine cells also share the same fan-out input and fan-in efferent anatomy of the Drosophila KCs, and plasticity occurs at the cholinergic connection between amacrine cells and downstream large efferent neurons.
Work in the locust suggested that spike-timing-dependent plasticity (STDP) marks the relevant conditioned odor-activated KC-MBON synapses so that they are susceptible to reinforcing modulation (Cassenaer and Laurent, 2012) . STDP relies on coincidence of pre-and postsynaptic activity and influx of postsynaptic Ca 2+ through NMDA-type glutamate receptors (Feldman, 2012) . Recent work in Drosophila pairing odor presentation with dopaminergic neuron activation reported odor-specific synaptic depression at a KC-MBON junction that did not require postsynaptic MBON depolarization (Hige et al., 2015) . It will be important to determine whether this holds for all DAN-MBON compartments or whether some learning-induced plasticity involves synaptic Ca 2+ influx through an ACh-triggered nAChR, rather than the more traditional glutamate-gated NMDA receptors. We identified roles for the Da1, Da4, Da5, and Da6 nAChR subunits in M4/6 MBONs. Reducing the expression of these subunits lowered odor-evoked signals in MBONs and converted naive odor avoidance into approach behavior. Da5 and Da6 subunits can form functional heteromeric channels in vitro (Lansdell et al., 2012) responses to KC-released ACh, as well as perhaps different learning rules and magnitudes of plasticity (Hige et al., 2015) . Pre-or postsynaptically localized muscarinic AChRs could provide additional memory-relevant modulation. Beyond important roles in memory formation, consolidation, and expression, the MB-and DAN-directed modulation of specific MBON pathways has also been implicated in controlling hunger, thirst, temperature, and sleep/wake state-dependent locomotor behaviors (Krashes et al., 2009; Lewis et al., 2015; Lin et al., 2014b; Shih et al., 2015; Sitaraman et al., 2015) . It will therefore be important to understand how plasticity of cholinergic KC transmission serves these discrete functions.
EXPERIMENTAL PROCEDURES Fly Strains
Flies for physiological experiments were reared in vials with standard cornmeal food with additional molasses and active dried yeast. Flies for behavior were raised in bottles with standard cornmeal food. Canton-S flies were the wild-type control. We used Split-GAL4 lines MB002B, MB011B, MB027B, MB112C, MB210B, and MB549C (Aso et al., 2014a) and GAL4 lines R13F02 (Jenett et al., 2012) , R21D02 (Jenett et al., 2012; , R24H08, R39A05, R56F01, R66C08, R93F01 (Jenett et al., 2012) , OK107 (Connolly et al., 1996) , and VT1211 . We also used LexA lines R15B01 (Jenett et al., 2012; Lewis et al., 2015) and 247-LexA::VP16 (Pitman et al., 2011) . UAS-GCaMP5 (Akerboom et al., 2012) , UAS-GCaMP6f, and LexAop-GCaMP6f were used for calcium imaging. UASCsChrimson and lexAop-CsChrimson (Klapoetke et al., 2014) were the optogenetic activators. Prior to optogenetic experiments, all flies were housed on standard cornmeal food with 1 mM retinal for 1-3 days. RNAi lines were UASChAT RNAi (Bloomington BUN 25856) (Ni et al., 2009) (Dietzl et al., 2007) , and UAS-nAChR RNAi (Bloomington BUNs 28688, 27671, 31985, 25943 , and 25835) (Ni et al., 2009 ).
Pharmacology
All candidate neurotransmitters, agonists, and antagonists, except sNPF, were prepared in adult hemolymph-like saline, AHLS (Wang et al., 2003 ; 2 mM CaCl 2 , 5 mM KCl, 8.2 mM MgCl 2 , 108 mM NaCl, 4 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 10 mM sucrose, and 5 mM trehalose) to a concentration of 100 mM. Aspartate, glutamate, taurine, GABA, ACh, nicotine, muscarine, mecamylamine, methyllycaconitine, and hexamethonium were all from Sigma Aldrich. Short neuropeptide F (sNPF; Ala-Gln-Arg-Ser-Pro-Ser-Leu-Arg-LeuArg-Phe-NH 2 ) was synthesized by PolyPeptide (Strasbourg, France) to a purity of >95% and was dissolved in DMSO. Each solution delivered in the micropipette also contained 5 mM Texas red dextran (TXR; Life Technologies) to monitor diffusion.
Explant Brain Wide-Field Calcium Imaging
All micropipette ejection experiments were performed on explant brains using wide-field imaging. One-to seven-day-old flies were anesthetized on ice, and brains were dissected in calcium-free AHLS and imaged in AHLS. The pH was adjusted to 7.5 and osmolarity to 265 mOsm. Dissected brains were adhered to a polylysine-coated coverslip and were illuminated with an X-Cite 120PC Q arc lamp. Micropipettes (glass capillaries, Harvard Apparatus, 300092) with an opening diameter of approximately 3 mm were connected to a picospritzer III (Intracell). The tip of the pipette was positioned near the M4/6 dendrites in the tip of the MB horizontal lobes (Figure 2B) , unless stated otherwise. A custom white LED provided a stimulus trigger signal 1 s before stimulation. Air pressure to the picospritzer was set to the minimum required to eject solution from the pipette. Release of solution was verified by applying small test pulses while observing TXR in the red fluorescence channel. Image series were acquired using a Scientifica Slicescope with a 403, 0.8 NA water-immersion objective and Andor Zyla sCMOS camera with Andor Solis software (v4.27). Time series were acquired at 33.3 Hz with 512 3 512 pixels and 16 bit (or 100 Hz for traces shown in Figure S3E ). Experiments in Figures S3E and S3F were acquired with a Guppy Pro CCD camera (Allied) with AVT SmartView software (v1.14). These time series were acquired at 12 Hz with 640 3 480 pixels and 8 bit. Image stacks were subsequently analyzed in Matlab (Mathworks Inc.) using custom-written scripts. In brief, elliptical ROIs (e.g., Figure 2B ) were manually drawn around M4/6 dendrites (unless stated otherwise), and the mean fluorescence F of this ROI was calculated for each image. The resulting trace was scanned for LED trigger signals, and individual DF/F 0 response traces were extracted from 1 s before and 3-10 s after the stimulation trigger. F 0 was defined for each trial as the mean F from 1 s before stimulation up to the point of stimulation. The peak DF/F 0 was obtained by taking the maximum DF/F 0 value acquired between the time of the trigger signal and 3 s afterward. Neural responsiveness was verified by applying 500 mM KCl at the end of each experiment.
Explant Brain Two-Photon Calcium Imaging
Combined optogenetic and calcium imaging experiments were conducted using a two-photon microscope (Scientifica) to minimize inadvertent optogenetic stimulation through imaging light. Explant brains were bathed in carbogenated (95% O 2 , 5% CO 2 ) buffer solution (103 mM NaCl, 3 mM KCl, 5 mM N-Tris, 10 mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 1.5 mM CaCl 2 , 4 mM MgCl 2 , osmolarity 275 mOsm [pH 7.3]) following dissection in calcium-free buffer. For light stimulation, we used a high-power LED (Multicomp OSW-6338, 630 nm) relayed onto the specimen via a 50 mm diameter lens with focal length 60 mm. The power at the specimen was measured to be 0.85 mW/mm 2 . The LED was triggered using a microcontroller (Arduino MEGA). Light pulses were delivered at 40 Hz, with 10 ms duration for a total of 200 ms per stimulation. Fluorescence was excited using 140 fs pulses, 80 MHz repetition rate, centered on 910 nm generated by a Ti-Sapphire laser (Chameleon Ultra II, Coherent). Images of 256 3 256 pixels were acquired at 5.92 Hz, controlled by ScanImage 3.8 software (Pologruto et al., 2003) . Two-photon fluorescence images were manually segmented using ImageJ and further analyzed using the custom-written MATLAB scripts described above.
For washout experiments, explant brains were continuously perfused with carbogenated buffer at about 2 ml/min using a Watson-Marlow 120S/DV WM Sci Q400-1H1D perfusion system. Antagonist action was measured 5 min after addition to the bath, followed by washout. The result of washout was measured 30 min later.
In Vivo Two-Photon Calcium Imaging Two-photon imaging of odor-evoked calcium responses was performed according to . Three-to eight-day-old flies were briefly anesthetized on ice and mounted in a custom chamber. The head capsule was opened under room temperature carbogenated buffer (see above). The legs and proboscis were immobilized with wax. Odors were delivered on a clean air carrier stream using a custom-designed system (Shang et al., 2007) , which also synchronizes the timing of odor delivery and the twophoton image acquisition. Two-photon fluorescence images were manually segmented using ImageJ. Movement of the animal was small enough such that images did not require registration. Where possible, each hemisphere was separately evaluated and treated as an independent ''n.'' All subsequent analyses utilized custom-written Matlab routines. After applying test pulses, flies were exposed to 5 s MCH (air stream passing over 10 À2 odor dilution in mineral oil, and then further blended 1:9 with a clean air stream), then 15 s clean air, followed by a 5 s OCT pulse. Peaks were taken as maximum DF/F 0 between 1 and 2 s after the beginning of odor stimulation. F 0 was defined as the mean F from 2 s before odor stimulation to the beginning of stimulation.
Immunohistochemistry
Brains were dissected on ice, fixed in 4% paraformaldehyde, and stained according to Wu and Luo (2006) . For ChAT and VAChT staining, brains were incubated in PBT (0.3% Triton) supplemented with anti-ChAT primary mouse antibody (Yasuyama et al., 1995a) (diluted 1:100) and anti-VAChT primary rabbit antibody (Kitamoto et al., 1998 ) (diluted 1:1,000) for 2 days, followed by 2 days' incubation with secondary antibodies (anti-mouse Alexa 488/anti-rabbit Alexa 546, Sigma). For GAL4 visualization, anti-GFP (rabbit, Invitrogen, dilution 1:100) and anti-nc82 (DSHB, dilution 1:50) were used as primary antibodies. All confocal images were acquired on a Leica SP5 at manually adjusted laser intensity and gain. The same settings were used for all brains when comparing ChAT/VAChT antibody label. For antibody quantification, a defined rectangular ROI of approximately 40 3 25 mm was placed over a single frame of the gamma lobe as well as the superior medial protocerebrum (SMP), the mean fluorescence was assessed using ImageJ, and each brain's gamma lobe intensity was normalized to the respective SMP intensity, individually for each channel.
Behavior Mixed-sex populations of 4-to 9-day-old flies were tested together in all memory experiments. Aversive training was performed as in Perisse et al. (2013b) . Briefly, flies were exposed to CS+ for 1 min with 12 90 V electric shocks at 5 s intervals followed by 45 s of air and the CSÀ for 1 min. For testing, flies were given 2 min to choose between the CS+ and CSÀ in a T maze. Performance index (PI) was calculated as the number of flies in the conditioned odor, minus the number of flies going the other direction, divided by the total number of flies in the experiment. A single PI value is the average score from flies of the identical genotype tested with the reciprocal reinforced/nonreinforced odor combination (Tully and Quinn, 1985; Perisse et al., 2013b) . Odor dilutions were adjusted between experiments and odor batches to minimize bias (MCH 5-8 ml in 8 ml mineral oil and OCT 7-8 ml in 8 ml mineral oil). Appetitive conditioning was performed as in Perisse et al. (2013b) . Naive odor avoidance experiments were performed as in . Briefly, 5-day-old flies starved for 21-24 hr were given 2 min to choose between MCH (diluted 1:1,000 in mineral oil) and mineral oil-suffused air streams. Preference index was calculated as the number of flies approaching the odor minus the number approaching mineral oil, divided by the total number of flies in the experiment. One ''n'' corresponds to a single test trial.
Statistics
Statistical analyses were performed in either Matlab, GraphPad Prism 6, or R. The sigmoid dose-response curve fit for ACh application was performed in GraphPad Prism, based on the average of three trials per brain, with five brains per condition. Effects of pharmacological treatments were investigated using a paired t test to compare the average response peak before and after application. Groups in antibody quantification and behavioral experiments were compared using one-way ANOVA followed by Tukey's multiple comparisons test. Dunnett's multiple comparisons test was used for nAChR RNAi odorevoked calcium responses. The effects of VAChT RNAi on calcium response peaks were measured using the Mann-Whitney U-test for nonparametric data. Calcium responses in Figure 6 were compared using an unpaired t test with Welch's correction. other than OK107; UAS-ChAT RNAi and +; UAS-ChAT RNAi flies which exhibit defective MCH avoidance compared to OK107; + (n = 7, p < 0.05, one-way ANOVA, Tukey's HSD post-hoc test). MCH concentration was 1:500. 
SUPPLEMENTAL INFORMATION
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